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Introduction
A Guide to Mid-Atlantic Regional Air Quality

Understanding the causes of the Region’sair quality problemsand taking stepsto prevent air pollution
aretwo of the most important duties of stateand local air pollution control agencies. Theinformationin
thisreport isintended as abasic resource for explaining and describing air quality issuesto air quality
managers, officials, and the public. For morein-depth explanations and discussions about topicsinthe
report, please investigate the bibliography.

Thisreport’s main focusis on ozone, fine particle pollution, and pollutant interactions. It reviewsthe
current status of air quality, pollution and its sources, and the roles geography and weather play in the
Region'sair quality. Key pointsare highlighted in text boxes.

Throughout thisreport, short “ Features” highlight important studies, results, or activitiesthat help un-
derstand air quality inthe Mid-Atlantic Region. The Features demonstrate much of the new and impor-
tant work in the air quality arenasince the mid-1990s, laying the groundwork for improved air quality
management.

Inthe Mid-Atlantic Region, areas surrounding New York City, Philadel phia, Baltimore, and Washing-
ton, D.C. record the highest number of days with unhealthy ozone pollution. The highest concentra-
tions are often found downwind from the central cities and are affected by a combination of local
emissions and transport from outsidethe area. Driving and electricity generation are the major human
activities contributing to ozone pollution.

High levels of fine particulate matter are also found in the metropolitan areas between Washington and
New York. The greater Pittsburgh region, the Huntington-Ashland region, and several counties in
Pennsylvania, West Virginia, and North Carolinaalso suffer from elevated level s of fine particle pollu-
tion. High levels of fine particulate matter may be experienced in industrial, urban, or rural areas due
to the diversity of particulate matter sources.

This report explains how weather patterns play a major role in defining the nature and extent of air
pollution episodesin the Mid-Atlantic Region. Summertime air pollution episodes aretypically hazy,
hot, and humid, with light winds and few clouds. Polluted air from outside the region, carrying high
concentrations of both ozone and fine particles, nearly always contributes to these episodes. Winter-
timeair pollution episodes, in contrast, have high levels of particulate matter (not ozone), aretypically
cool, with light winds, and are more dominated by local stagnation and local emissions. While long-
range pollution transport and local pollution stagnation are important throughout the Region, the rel-
evant range of transport is generally shorter in the south than in the north. There are many variations
on these themes, giving each pollution episode unique characteristics.

The Region’sair pollution problemswill not be solved by local controlsalone, nor by upwind controls
alone; not by controlling only power plants, nor by just reducing emissionsfrom transportation. Effec-
tiveair pollution control requires a partnership of local, state, and federal authoritiesaswell as private
citizens, businesses, and industries, and acommitment in al areasto continuing improvement.

Mid-Atlantic Regional Air Management Association
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Setting the Stage

An Air Pollution Episode in the Mid-Atlantic Region

The sun rises through a warm haze as the Mid-Atlantic
Region beginsto dry out from storms that |eft the area
the previous night. The forecast callsfor clearing skies
and rising temperatures over the next few daysand men-
tionsthat the Bermuda High is backing in over the area.
Forecasterswarn that thisisthe beginning of aheat wave,
we are advised to check on the elderly and be sure our
pets have plenty of water when they are outside. Tucked
into the weather forecast is a*“code orange” air quality
forecast that many mistake for aheat alert. Light winds
wander from one direction to the other and seem only to
push the heat around. The sun beats down from a hazy,
cloudless sky, baking the ground beneath.

By the second day, the air quality forecast shiftsto“ code
red” and warns the public to stay indoors in the after-
noons and evening and limit their driving. Hospitals no-
tice that more people are complaining of the heat and of
difficulty breathing. The skiesabove havegiven uptheir
natural blue and turned abright, milky whitecolor. A few
clouds turn up in the late afternoon, but show no inclination to rain and never seem to offer any
shade. Power company officials come on the radio and the local news to discuss capacity, over-
taxed power lines, and the heat wave. They mention that some homeair conditioners have been shut
down to conserve energy when power demand peaks. Spotty power outages are reported, but with
no storms and no winds, those who return home to find the power off are puzzled. Those lucky
enough to have planned abeach vacation en-
joy strong breezes off the ocean during the
day. However, air quality monitors, a short
distanceinland indicatethat theair just a few
milesaway fromthe oceanisparticularly dirty.

Finally, theforecast contains somegood news.
Relief, promised in the form of showers and
thunderstorms, should arrive the next day.
Nature explodes in afury of rain, wind, and
cooler air. Weather forecasters announce
that a burst of clean, cool Canadian air has
entered the Region, and air quality forecasts
return to their more normal code green or
yellow. Areasinthe northern part of the Re-

Mid-Atlantic Regional Air Management Association
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gion get the quickest relief from both the heat and the cleansing rain, while areas farther south must
be content with the cleansing action of afew thunderstorms. At area hospitals, individuals treated
for heat exhaustion disappear from the waiting rooms, while those suffering from respiratory illness
continue to comein for afew days.

TheMid-Atlantic Region hasjust suffered through one of
its worst air pollution episodes in years. What causes
these episodes? How do they start? Why do they per-
sist? Where does our pollution comefrom, and why does
the weather seem to play such acritical rolein producing
these events? These are the questions we seek to an-
swer in this document.

Mid-Atlantic Regional Air Management Association
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Part |

The Nature of Air Pollutants

Thisreport focuses on outdoor (also called ambient) air quality and the emissions of various substances
that cause outdoor air pollution. Indoor air quality is aso very important to health, but is beyond the
scope of this report. This section introduces terms and concepts, describes the nature of ozone and
particul ate matter, and explainstheir relationships. For more information about the health effects of air
pollution, see Appendix A. Appendix B summarizesair quality impacts on ecosystems and the environ-
ment.

Introduction to Terms and Concepts
Smog

Theterm“smog,” coined in London, refersto the thick, soupy combination of smoke and fog so vividly
described in Sir Arthur Conan Doyl €'s Sherlock Holmes books. The term’s use has since broadened to
include two varieties: the London-type smog, and the hot-weather LosAngeles-type smog. LosAnge-
les' smog is created when amixture of auto exhaust, industrial emissions, and other pollutantsreact in
sunlight. In general use today, smog refers to the whole mixture of air
pollutionin an area, and may include ozone, awhole host of other gases,
and fine particles and the hazy conditionsthey cause. Fogisno longer a
necessary component of smog, though humidity certainly playsarole, as

will be described | ater. an area.

Primary and Secondary Pollutants

Scientists distinguish between primary and secondary pollutants. These terms do not refer to their
relative importance, but to how pollutants come to exist in the atmosphere. Primary pollutants are
compounds such as sulfur dioxide that come directly from their sources. Particles such as soil and soot
arealso primary pollutants. Secondary pollutantsare not emitted directly, but areeither formed or modified
in the atmosphere. Ozone, for example, is a secondary pollutant that forms as a result of reactions
involving primary pollutants. Essentially no ozoneisemitted directly into the atmosphere. Sulfateisa

Smog is a general term referring to
the entire mixture of air pollution in

secondary particulate pollutant; it isthe product of thetrans-
formation of aprimary pollutant, sulfur dioxide, in the atmo-
sphere. Ozone and fine particles, two of the most trouble-
someair pollutantsfor the Mid-Atlantic Region, are described
in more detail inthefollowing sections.

Primary pollutants such as sulfur dioxide are
emitted directly from their sources. Secondary
pollutants such as ozone are the products of
reactions in the atmosphere.

Ground-Level Ozone

High concentrations of ground-level ozone pose a particularly nettlesome problem for the Mid-Atlantic
Region. The western and northern parts of the Region are routinely saddled with a large burden of
ozone entering from theindustrialized Midwest. 1nthe southern part of the Region, 0zone episodestend
to have stronger local influences, so episodes in North Carolina are different from those in Maryland
and Pennsylvania. In some areas the burden of transported pollution may be enough to push ozone
concentrations above the health standard even before winds have reached the urbanized areas of the
Mid-Atlantic Region.

A Guide to Mid-Atlantic Regional Air Quality
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Part | The Nature of Pollutants

In some areas the burden of transported
pollution may be enough to push ozone
concentrations above the health standard
even before winds have reached the
urbanized areas of the Mid-Atlantic
Region.

atoms

Ozoneis acolorless highly reactive gas, composed of three oxy-
gen atomsinstead of the usual, breathable two. Thethree oxygen

are not held very tightly in the molecule, making it very

reactive. The smell that is often attributed to ozone is likely not
due to the molecule itself, but to the hydrocarbon fragments cre-
ated when the molecule burns the inside of one's nose.

e | N any discussion of ozone, itis |mp0rtant to disti ngUiSh between

the effects of ozone at the ground and ozone high in the atmosphere, several milesabove our heads. An
advertisement might use the slogan “good up high, bad nearby,” to describe ozone. Regardless of

whereitis, no one would want to breatheit.

However, up highinwhat's called the ozone layer, ozone

isessential to the health of nearly every living thing, sinceit protectsthe Earth from harmful ultraviol et

Figure 1 Ozone molecule (O,)

Unlike the oxygen that we breathe, which has
only two atoms of oxygen (O, ), ozone has an
additional oxygen atom, making it very reactive.
Thisiswhy ozone is said to burn or irritate the
lungs.

(UV) light. If not for thisnatural layer, UV light would
sterilizethe Earth’s surface, and life asweknow it would
ceasetoexist. Near theground, ozonereactswith build-
ings, plants, animals, and people, and is one of the most
irritating, harmful components of smog.

Ozone Precursors and Ozone Formation

Near the ground, ozoneisformed when volatile organic
compounds (V OCs) and oxides of nitrogen (NO) react
in the presence of sunlight. VOCs are organic com-
pounds that evaporate readily, such as gasoline vapors
and paint fumes. NO_standsfor two compounds, nitric
oxide (NO) and nitrogen dioxide (NO,). Nitric oxide
forms in high temperature burning processes when ni-
trogen (N,) and oxygen (O,) each split. The free nitro-
gen and oxygen atomslargely recombinewith themselves
toreturnto N, and O, but some link up with each other
toform NO. NO, formsin subsequent atmospheric pro-
Cesses.

Ozone, NO,, and VOCs are all present naturally in the

atmosphere, though their concentrations are substantially smaller under normal natural conditionsthan
under smoggy ones. NO, is emitted naturally by soil microbes and formed in lightning and forest
fires. Nitric oxideisfound naturally in the human body, whereit isan important neurotransmitter.
In developed areas, natural sources have minimal impact; here human activities, such asfuel burning,

Ozone is a highly reactive form of oxygen. High
above, in the ozone layer, it protects the health
of nearly every living thing on Earth by absorb-
ing harmful ultraviolet light. Near the surface,
where it reacts readily with anything it comes into
contact with, it is a health hazard and can be
harmful to the environment.

emit much more NOX than do natural sources.

In contrast to natural NO, emissions, which are normally
insignificant in urban air pollution, natural VOC emissions
are highly significant in smog chemistry. VOCsare natu-
rally emitted by vegetation, soils, and animals. Some of the
most reactive VOCs are emitted by trees: terpenes from
pinetrees and isoprene from oaks and aspens. VOC emis-
sionsfromtreestypically increase with temperature, though

Mid-Atlantic Regional Air Management Association
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extremely high temperatures hinder their release astree stomata | T —

(pores) close to reduce water loss, consequently limiting VOC
emissions.

Ozone is generated when volatile organic
compounds (VOCSs) react with oxides of

nitrogen (particularly NO and NO,, known
VOCsthat come from human activities are called anthropogenic together as NO) in sunlight. VOCs are

VOCs. Anthropogenic VOCs are important and may dominate the emitted by trees, plants, animals, soils,

emissions by mass (weight) in an urban area, even though natural and by human activities such as solvent
sources dominatein the overall region. Some anthropogenic VOCs, use and driving. NO_ is mostly formed in
such as benzene, are themselvestoxic and may increaserisks of can- high temperature burxning processes.

cer or lead to other adverse hedlth effectsin addition to helping form Ozone forms as VOCs are broken down

0zone. into simpler compounds in the presence

VOC emissions are typically measured or estimated by the mass
of the pollutantsemitted, but, particularly where ozone production is concerned, not all VOCsare equal .
Some VOCs are considerably more reactive in the atmosphere than others. The reactivity of a VOC
influences how quickly ozone forms. A compound that reacts in afew minutes to produce ozone will
have a much greater impact near its source than one that reacts more slowly. Thus, ozone can form
nearer or farther downwind of a VOC source due to faster or slower chemical reactions.

Ozoneisformed when amixture of VOCsand NO, isexposed to sunlight. Ozoneismerely an undesir-
able intermediary generated as the Sun’s energy gradually breaks down VOCs into water vapor and
carbon dioxide. Essentially, the processis a low-temperature VOC burning process. Unlike normal
burning, inthis process, NO, isnot produced, but isturned into nitric acid and other compounds, which
are ultimately deposited to the Earth’'s surface.

Why are the Highest Ozone Levels found Downwind of Cities and Large
Industrial Sources?

It istempting to think of compoundsin the atmosphere assitting in neat little boxesthat only interact with
afew other compounds through one or two pathways. While such a simple view might make it easier
to learn basic atmospheric chemistry, the atmosphere recognizes no such boundaries. Thisis particu-
larly true when considering VOCs, NO , and ozone. Eventually, VOCsare broken down by the process
that produces ozone. However, this big picture masks the intermediate reactions of all three with one
another. Certain VOCs react with both NO_and ozone, while NO, and ozone react readily with each
other.

Thereactionof NO_with ozone, called“NO  titration,” is particularly important inthe plumefrom acity
or alargeindustrial source of highly concentrated NO,. This reaction can temporarily eliminate nearly
al theozoneinaplume. Later, asthe plumedispersesandthe NO,_ concentration drops, ozonewill form
in the same plume. Eventually the ozone concentration downwind of the city will be higher than it was
when entering the city. Ozone disappears near the city asNQO, titration takesitstoll, and then reappears
at even higher concentrations as NO, and VOCs react in sunlight downwind. The highest ozone con-
centrationsin the Washington, DC, Baltimore, and Philadel phiametropolitan areas are not in the urban
centers, but are downwind of the cities and their suburbs.

VOCs are also necessary for ozone formation, and they are abundant in any city. If VOCs are less
abundant, less ozone is formed in the short term. The plume from a coal-fired boiler or power plant
represents just such acase. Near the plant, the plume has abundant NO_but only low levels of VOCs,

A Guide to Mid-Atlantic Regional Air Quality
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Part | The Nature of Pollutants

NO, titration is just one example of
an interaction between cycles and
families of compounds. When NO_
is very abundant, as is the case in
the plume from a major city or power
plant, it reacts with ozone directly,
destroying the molecule, and
reducing ozone concentrations. As
the plume disperses and more
VOCs mix into the plume, condi-
tions become more favorable for
ozone production, and ozone will be
produced inside the same plume.

so little ozone is produced initially. Later, asthe plume mixeswith its
surroundings, VOCs from other sources mix into the plume and more
ozone will be produced. The mix of VOCsand NO, in the plume will
affect how much ozone is produced in the plume and how quickly.
Eventually, VOCs will mix into the plume and react with the existing
NO, to produce ozone.

NO, Limited and VOC Limited Ozone Production

The concentrations of VOCs and NO, are usually not optimal for pro-
ducing as much ozone as possible. The concentration of one is typi-
cally too low when compared with the other. When the concentration
of NO, istoo low, ozone productionisNO, limited. Additional NO, will
increase ozone, but additional VOCs will not. Conversely, when the
concentration of VOCsistoo low, ozone productionisVOC limited.

These conditions have implications for ozone control. When ozone

productionisVOC limited, VOC controlswill be more effective, while NO, controls are more effective
when conditions are NO, limited. This assumes that all sources of NO, and VOC can be controlled.
Given the abundance of highly reactive natural VOCs, this is often not the case in the Mid-Atlantic

Region.

Distinctions between whether an areais NO_or VOC limited do not hold for all parts of a Region or
even for all parts of a plume. Because cars and other combustion sources produce a large amount of
NO,, conditionsin acity center may well be VOC limited, while conditions downwind, where the NO_
has aged and fresh natural VOCs are available, are often NO, limited. An area may be NO, limited

NO, limited conditions occur when
there is an overabundance of VOCs,
and relatively little NO , so reducing
NO, emissions will reduce ozone
concentrations, while changes in VOC
emissions will have relatively little
impact. When VOCs are scarce, and
NO, is overabundant, conditions are
then VOC limited, and VOC controls
will have a greater impact.

PM

25

during some parts of the aday and VOC limited during other times of
the day.

Fine Particles (PM,,)

Gases such asozone are not the only air pollutantsthat cause environ-
mental and health problems. Solid and liquid particles can stay inthe
air and, if small enough, can make their way far into the lungs. Par-
ticles come in awide variety of shapes and sizes, which affect their
impacts on the environment and human health. Bigger particles, such
as dust, are easier to see and can cause problems, but smaller par-
ticles are probably worse for our health.

Fine particles, those 2.5 micrometers (um) in diameter or less, called

can be inhaled deeply into the lungs. A diameter of 2.5 um corresponds to 1/100" of an inch,

which is about 40 times smaller than the diameter of a human hair. Three additiona terms related to

particle size are also useful: P

Total Suspended Particles (TSP), and PM-coarse. PM, represents

10’

the fraction of particles below 10 micrometers. PM-coarse represents al the particles between 2.5
micrometers and 10 micrometers in diameter. PM_ includes both PM, . and PM-coarse. Particles
below 10 micrometers in diameter can make their way into the lungs, though not as deeply as those
below 2.5 micrometers. TSP represents all particlesthat can stay suspended in the atmosphere, which

Mid-Atlantic Regional Air Management Association
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Figure 2 Diurnal pattern, PM

This graph shows the average hourly concentrations, giving a diurnal pattern for PM, . from January 1, 2003 -
April 10, 2003 at the Oldtown monitoring site in Baltimore, Maryland. The hour by hour fluctuations seem to
track traffic patterns, which is a reasonable finding for an inner city monitor.

loosely corresponds to those with diameters below roughly 50 micrometers. Particles larger than 50
micrometerswill settle quickly out of the atmosphere.

The General Composition of Particulate Matter (PM)

Fine particles are treated as though they are a single pollutant, but fine particles come from many
different sources and are composed of thousands of different compounds. Fortunately, these com-
pounds fall into a few dominant categories. sulfates, nitrates, ammonium
compounds, soil, organic carbon compounds, and elemental carbon. Water
is nearly always an important and variable part of PM, and sea salt is often
significant near the coast. Specificsof Mid-Atlantic Region particle compo-
sition are described later in this document.

An aerosol is a suspension of
fine solid or liquid particles in

gas.

Given the complex composition of PM, it isno surprisethat its chemistry isalso complex. Particlesmay
beliquid, dry or wet. Animportant distinction is between primary and secondary particles. Primary
particles are emitted directly into the atmosphere as particles, while secondary particles are produced
when gases or other particles coalesce. Many particles are collections of smaller particles that have
collided and stuck together, and particles are often collections of both primary and secondary particles.

A Guide to Mid-Atlantic Regional Air Quality
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Northeast Oxidant and
Particle Study (NE-OPS)

This project contributed to the understanding of how pollut-

ant transport in the upper levels of the atmosphere contrib-

uteto high levelsof air pollution. Located in Philadelphia, the

Northeast Oxidant and Particle Study (NE-OPS) conducted

intensive air quality measurementsin the summers of 1999,

2001, and 2002. Seven universities, three national laborato- A tethered weather balloon used
ries, six agencies, and private industry collaborated on the g;:;ng NECASHEIED (9 EEIEy
project.

Objectives

Investigate the urban polluted environment to find the rel ationships among conditionsleading
to concentrations of ozone and fine particles

Determine the contributionsfrom local and distant pollution sources.

Examinetherolethat meteorological propertiesplay in the build-up and distribution of pollut-
ant concentrations over urban and regional scales and interpret these results within the con-
text of past measurement programsto extend the knowledge gained to other applicableloca-
tionsand atmospheric conditions.

Research Conclusions
* Meteorology isthe primary driver and leading factor controlling high ozone and particulate
matter episodes in the northern U.S.

Essentially all of the major air pollution events involve regional scale circulations and are
associated with transport from the Midwest.

Vertical mixing of pollutants and precursors from the storage/transport reservoir above the
nocturnal boundary layer provide major input to pollution episodes.

Vertical profiles of atmospheric properties are essential for understanding the processes and
evolution of air pollution episodes.

Successful application of simpler modeling options has been validated using the NE-OPS
ground and upper air data. The NE-OPS data base will provide opportunities for critical
testing and evaluation of models.

Funding for this project was provided by the U.S. EPA and the state of Pennsylvania. The
principal investigator was Russell Philbrick of the Pennsylvania State University.

For moreinformation see: http://lidarl.ee.psu.edu/narsto-neops/index.htm

Mid-Atlantic Regional Air Management Association
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Primary particles are the simplest. Soil and other
crustal materials are fairly straightforward primary
particles. When the wind blows hard enough, soil,
silt, and sand can be lifted from the surface. Human
activities such asmining, construction, plowing, and
driving on unpaved roads, also lift particlesinto the
air. Soil particlesthat are sufficiently small will re-
main airbornefor long periods. Larger particlesare

was overlooked in many early estimates of the im-
pact of soil emissions, resulting in overestimates of

7 o _;I :
not typically transported asfar assmaller ones. This ~ PM 2.6 Particle

Hurman Hair
b Magnified 1000

Figure 3 Electron microscope

the|mp0rtance Of the% part| CIeS The bulk Of these Comparison of human hair and a fine

particles are either too heavy to stay suspended in  particle
the atmosphere or too large to beinhaled deeply into
thelungs.

Soot, also referred to as black carbon or elemental carbon, is emitted directly by diesel engines and
forest fires, among other sources. When fresh, soot does not take on water. However, as soot agesin
the atmosphere, it will take on water and combine with other aerosols.

Onanannual basis, sulfates comprisethe largest portion of thefine
particul ate matter in the Mid-Atlantic Region. Sulfate particlesare
secondary particles, which are amost entirely formed from sulfur
dioxide emitted from the combustion of coal and other fossil fuels.
Both coal and crude oil naturally contain some (typicaly a few
percent) sulfur, with the exact composition varying dramatically de-
pending on the source. Natural sources of atmospheric sulfur in-
clude emissions from volcanoes and a few sulfurous compounds,
but these sources are ordinarily insignificant contributors to urban
air pollution.

Sulfur dioxide is transformed into sulfate, and thereby sulfuric
acid, via numerous pathways, though two are considered domi-
nant. Sulfur dioxideisslowly turned into sulfate asagasintheair,
but a much more rapid reaction takes place in cloud particles to
turn sulfur dioxide into sulfate. Sulfate has avery high affinity for

[
Particulate pollutants are characterized
by the sizes of the particles. TSP
stands for Total Suspended Particles—
all those particles with diameters less
than 50 micrometers. PM, and PM,
stand for all particles with diameters
less than 10 micrometers and 2.5
micrometers, respectively. Particles
smaller than 2.5 micrometers in
diameter can be inhaled deeply into the
lungs, making them more likely to
cause health problems than larger
particles.

water—so high that it almost immediately acquiresan ensemble of six surrounding water molecules.
Sulfate dissolved in such aparticle is sulfuric acid, astrong acid, which makes the particle very acidic.
The acidity drawsin some atmospheric ammonia, making the particle highly attractiveto water. These
particlesthen grow rapidly into larger particlesthat scatter light efficiently, reducing visibility. Seldomis
there enough ammoniato fully neutralize the sulfuric acid in these particles, so they end up asasignifi-

cant component of acid rain.

Nitrate (NO,), represents the fate of NO,_ once it has been fully oxidized from NO to NO, to NO,,
Though the formation process is less complex than that of sulfate, nitrates are formed in a process
similar to the gas-phase process that forms sulfate. Nitratesalso form aerosol particles readily, though

Mid-Atlantic Regional Air Management Association
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As with gases, fine particles are also
classified as primary and secondary.
Sulfate particles, most organic
particles, and nitrates are secondary
particles.

not as quickly as sulfate. And once nitrates are incorporated into an
aerosol, they too form an acid—nitric acid, asignificant component of
acid rain. Nitrates are also fertilizers. As such, they contribute to
nutrient loading in bodies of water such as the Chesapeake Bay and
Pamlico Sound. Roughly a third of the nitrogen entering the Chesa-
peake Bay comes from the air. For other bodies of water, somewhere
between 10 and 45 percent of the nitrogen comes from the air.

In contrast to the two acidsjust discussed, ammoniaisthe only significant atmospheric base. Assuch, it
reactsreadily with sulfuric acid and nitric acid to form ammonium sulfate and ammonium nitrate. Both
of these gasestake on water readily to form aerosols. Ammonium sulfateisfairly stable, but ammonium
nitrate decomposes promptly astemperaturesrise. When ammoniadepositsto the ground, it isquickly
converted to nitrate by soil microbes, so oneis faced with the conundrum of an atmospheric base that
increases soil acidity. Ammoniacomesfrom avariety of sources, some of which are not well quantified.
Its main sources are thought to be agricultural, particularly from the excreta of livestock. Ammonia
emissions from human activities result in elevated ammonia levelsin cities as well. Some emission
control processesin power plants add ammonia to the stack to remove NO,; the result is considerably
lessNO, with asmall amount of ammoniaslipping out the stack.

Organic carbon aerosols form when gaseous organic compounds, such as VOCs, condense to form
particles. In contrast to elemental carbon, which is a primary particle, a significant fraction of organic
carbon particles are secondary pollutants. Organic carbon (OC) aerosols are typically mixtures of a
wide variety of compounds. Natural compounds such as terpenes are a significant source of OC.
Terpenes comefrom pinetrees, and will swiftly form aerosols, producing some of the famous blue haze
of the Blue Ridge Mountainsin the southern Mid-Atlantic Region.

Physical Properties

Particlesin different size ranges tend to have different physical properties, so, for example, those par-
ticles which most affect visibility may not necessarily be the same as those which most affect human
health.

Particleslarger than 2.5 micrometersin diameter contribute the majority of particle mass, but the most
numerous particlesarethevery smallest, below 0.1 micrometers. Most of the surface area of particles

EEEE—————OCCUI'S ON particles with diameters somewhere between these

Nitrate and sulfate particles tend to be
acidic, while ammonia, the only significant
atmospheric base tends to neutralize
those acids. Both nitrate and sulfate are
important components of acid rain. Nitrate
has other impacts on the environment,
since it is also a fertilizer. Sulfate is the
principal component of regional haze.

extremes. Sheer numbers are important for some physical pro-
cesses, such as cloud formation, while surface areais more im-
portant in haze, visibility, and certain processes in atmospheric
chemistry.

Particle sizes differ according to how they are emitted, grow,
and are removed from the atmosphere. The particles remaining
in the atmosphere reflect the result of abalance between growth
and removal processes. Aerosols usually come in three size
groups, called modes. The names of the modes, and the bound-

aries between the modes, may shift slightly depending on the preference of the author or the nature of
regulationsin a country, but aloose guideis given here.

Mid-Atlantic Regional Air Management Association
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The group containing the smallest particles is
the Aitken mode, containing ultrafine particles
and nuclei—the beginnings of fine particles.
These tiny particles occur in the greatest num-
ber, though their small size meansthat they make
up only atiny fraction of the mass. Nuclei may
be only a few molecules held together. These
particlestend to grow rapidly by coalescing with
other particles and by taking on gases directly from the atmosphere. Certain nuclei are particularly
suited to taking on water, giving them the name condensation nuclei. Thesenuclei areessential tolifeas
weknow it, becausethey start raindrop growth long beforeit would otherwise start. Without them, the
atmosphere would have to absorb considerably more moisture before rainfall would start.

Fine particles are composed of thousands of different
compounds that can be lumped into a few categories:
organic carbon compounds, sulfates, nitrates, elemental
carbon or soot, ammonium compounds, soils and crustal
materials. Water is generally a significant part of most
particles. Sulfates are the largest single category.

The next larger mode isthe accumulation mode. Particles of this size can grow by taking on gases and
smaller particles. If they do grow larger, accumulation mode particles are efficiently removed by
rain, snow, and other precipitation processes. The result is a mode of very fine particles that tend to
remain about the same size, products of the growth of nuclei and theremoval of larger particles. Whereas
the Aitken mode or nuclei were greatest in number, the accumulation mode is greatest in surface area.
A large surface areaisimportant for producing haze and for accommodating reactions that take place
on surfaces. A significant portion of the mass of fine particlestypically residesin this mode.

The third mode is the coarse mode. Coarse particles come from different sources than do the Aitken
and accumulation mode particles. Such particlesare partly theresult of soilsand crustal materialsbeing
lofted into the atmosphere. Sea salt particles are typically coarse aerosols. Most of the mass of
atmospheric particlesislocated in the coarse mode. Particles larger than these tend to settle out of the
atmosphere quickly, having minimal effects on atmospheric chemistry and public health.

Most particlesarelikely mixtures of different substances, the product of growing by collisionswith other
particles and by taking on gases. The composition of particles varies with their size. The smallest
particles tend to be made up of metals and organics. Larger ones grow by adding water, acids, and
organics, so metalsarearelatively small fraction of their mass. Thelargest particlesare quite different,
owing to their different sources, and are usually made up of soils and other crustal materials. Most
individual particlesarelikely mixturesof different substances, the products of growing by collisionswith
other particles and by taking on gases.

Haze

Fine particles and haze areinextricably linked, sincefine particles scatter and absorb light, whichisthe

very nature of haze. Haze is simply the visibility obstruction caused by fine particles. In the United

States, under natural conditions, avisual rangeisroughly 120 milesinthe West and 90 milesin the East.

Currently, the EPA estimates that typical visibility iN —  u———r——————
the West isonly 1/2 to 2/3 of what it would naturally
be, while visihility in the eastern U.S. is roughly 20
percent as good as natural conditions.

Haze and fine particles are inextricably linked, since
fine particles cause the scattering and absorption
that lead to visibility reduction. Some amount of
Haze should not be confused with fog or mist, which haze is natural, caused by aerosols and gases in the
arelargely composed of water and are essentially low- atmosphere.

lying clouds. Inweather reports, conditionsarecalled | —————————————

A Guide to Mid-Atlantic Regional Air Quality
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Class | Areas in VISTAS

Figure 4 Class | Federal areas in the East and Southeast

There are 10 Class | Federal Areas in the MARAMA Region. MARAMA member agencies participate in two
regional planning efforts to improve visibility. Sates in the northern MARAMA Region are part of the Mid-
Atlantic/ Northeast isibility Union (MANE-VU, www.mane-vu.org). MARAMA member sto the south are part of
the Misibility Improvement Sate and Tribal Association of the Southeast (VISTAS, www.vistas-sesarm.org).

Mid-Atlantic Regional Air Management Association
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hazy when the air is dry, and foggy or misty otherwise. Theterm
fog applieswhen visibility is5/8 of amileor less, and mist applies
when visibility isbetween 5/8 of amileand 7 miles (about 1 kmto
11 km).

There arethree componentsto visibility obstruction: scattering by
the atmosphere, scattering by natural particles, and scattering by
human generated particles. Through a process known as Ray-
leigh scattering, atoms and moleculesin the air scatter light in
all directions, so even if the atmosphere were entirely free of
particles, visibility would be somewhat limited. Rayleigh scattering
limitsvisibility to roughly 180 miles (300 km) at sealevel. Nitrogen
isthe most notable molecule in thisregard, sinceit preferentially
scattersbluelight, giving the Earth’s sky itsbrilliant blue color.

Visibility ismeasured in three ways: asavisual rangein meters, as
extinction in inverse megameters, and in deciviews. Visibility
disruption isfundamentally the same, regardless of which measure
isused. Instead of traveling directly from atarget to your eye, light
is absorbed or scattered away from your line of sight and light
from other objects is also scattered into your line of sight. The
combination of increased light from other sources and decreased
light from the desired source produces areductioninvisibility.

Thetermvisual rangeisstraightforward, sinceit just refersto how
far away an average observer can still discern an object from its
surroundings. Haze scatters and absorbs light. An average hu-
man can generally distinguish a two percent contrast between a
black object and its surroundings if that object sits in broad day-
light. Thisassumption leadsto the 180 milevisibility limit dueto
Rayleigh scattering mentioned previously.

The visual range can be related to an intrinsic property of the
particlesin the atmosphere, namely light extinction. Since particles

Clear Day View 43 Miles

R

-
¥

View 12 Miles

Hazy Day View 6 Miles

Figure 5 Comparison of hazy
vs. clear day at Shenandoah
National Park

affect visibility both by scattering and by absorbing light, we have to consider the two processes to-
gether to estimate avisual range. If our goal isto see amountain, and particlesareintheway, it does
not matter much whether those particles are scattering or absorbing light—Iless light reaches our
eyes, reducing our ability to see the mountain. Extinction represents the combined effects of both scat-
tering and absorption, which reduce our ability to see. As extinction goes up, visibility goes down. The

term extinction links particle propertiesand visual range.

Extinction can be calculated from the properties of the Visibility is measured in meters, deciviews, and
particlesin the atmosphere, since each particle contrib- inverse megameters. Each scale has its own

utes alittle bit to extinction. Extinction is measured in purpose. Visibility may be measured directly, but
inverse megametersor inverse kilometers, which appear is often reconstructed from mass and composition

to be clumsy units, but really just show that increased measurements of fine particles.

extinction results in decreased visibility. Thedaytime |

A Guide to Mid-Atlantic Regional Air Quality
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formula for visual range is a constant (determined by the two percent assumption mentioned above)
divided by the extinction. Taking that constant and dividing it by the extinction in inverse kilometers
givesthevisual rangein kilometers. So, the units of extinction are set up so that the visual range comes
out as a distance.

Visibility isalso measured in deciviews. The deciview scale was designed in hopes of doing for visibility
what the decibel scale did for sound. Decibels relate changes in sound energy in a way that makes
sensefor thehuman ear. Likewise, deciviewsrepresent changesin extinction and visibility in away that
makes sense for the human eye. The deciview scale was also designed to increase as visibility gets
worse in much the same way that air quality gets worse when ozone and fine particle concentrations
increase.

Mathematically, deciviews are defined asten timesthe natural log of extinction divided by 10, or 10x In
(extinction/10), where In is the natural logarithm (to base €) and the extinction is measured in inverse
megameters. Logarithms appear in the definitions of both deciviews and decibels because that is how
human eyes and earsrespond to light and sound. A speaker that produces twice as much sound energy
doesnot soundto uslikeitistwiceasloud. Likewise, alight sourcethat producestwicethe energy does
not appear to us to be twice as bright. Instead, it takes far more sound energy and far more light to
produce a response in our ears and eyes that is twice as large. The result is a far larger range of

detectable sights and sounds. An ear that hears the roar of an ocean

A change of one deciview is
perceived as the same amount of
change whether the visibility goes
from 10 to 11 deciviews or from 30
to 31 deciviews. In contrast, a
change of visual range from 5 miles
to 10 miles is perceived as a much
larger change than a change from
100 miles to 105 miles.

can also hear the squeak of amouse, while eyesthat et us seein broad
daylight can also see by the light of the crescent moon.

Deciviews are convenient in that they correlate well with human
perceptions of visibility changes, regardless of what the visibility may
be. A change of one deciview is perceived as being the same if
visibility goesfrom 10to 11 deciviews or from 30 to 31 deciviews.

Visibility differs between night and day. In daytime, one wants to be
ableto discern an object fromitssurroundings, all of which aretypically
well-lit by the sun. At night, oneistypically concerned with being able

—___—_—_——_——T—— | 10 see bright objects such as runway lights, stars, and car taillights.

These two needs are fundamentally different. Methods for calculating visibility at night and in the
daytime are different because picking out bright lights against a dark sky is different from picking
out an object from its well-lit surroundings. Asaconcrete example, lights from distant radio towers
may be visible at night, even though those towers are not visiblein theday. Thischangeisnot due
to achangein the particlesin the atmosphere, but because distinguishing alight from the black sky is
typically much easier than picking out a distant object in the daytime.

Some instruments measure the scattering or absorption of light by particles directly, either in the
ambient atmosphere or by drawing outdoor air into aninstrument. On the other hand, visibility isoften
not measured directly, but isinstead calculated or “reconstructed” from measurements of the massand
composition of fine particles. This helps usfigure out the major sources causing poor visibility, since
different kinds of particles come from different sources. (See Appendix E for a discussion on
caculating visbility.)

Mid-Atlantic Regional Air Management Association
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NESCAUM, January 2005. p. 3-2.

“Tools and Techniques for Identifying Contributions to Regional Haze in the Northeast and Mid-Atlantic United Sates.”
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Interconnections

Whileit may be useful to break down
atmaospheric chemistry compound by
compound, the atmosphere recog-
nizesno such divisions. Pollutants
interact, and the result of those in-
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and the result of
those interactions can
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down, or alter the
production of other
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Figure 6 Types of particles that
impaired visibility on the 20% of days
with the poorest visibility

The pie charts above show therelative composition
of visibility reducing pollutants at various sites.
Note the increasing importance of sulfates (SO,)
inthe southern part of the Region. Organic carbon
(OC), nitrates (NO,), and elemental carbon are
all important contributors to haze.

teractions can be to accelerate,
slow down, or alter the production
of other pollutants. Haze and ozone may appear at
first to be unrelated, but haze increases the scatter-
ing of light, which in turnincreases ozone production
under certain conditions. So particles may acceler-
ate the production of certain gases. Conversely,
gases also form particles. ThesameVOCsand NO,
that lead to ozone production also form organic and
nitrate particles. Sulfate is commonly formed in
cloud droplets when sulfur dioxide reacts with
hydrogen peroxide. Hydrogen peroxideisformed
as a result of the same cycles that form ozone.
These interactions have led to the concept of “one-
atmosphere modeling,” which recognizes that
changesin emissions of one pollutant will necessar-
ily affect others.

pollutants.

Pollutant Fate

What happens to all these pollutants? Ultimately,
most compounds end up on the Earth’'s surface.
Exactly how these pollutants get to the surface
affects their concentrations in the atmosphere.

Gases

Ozone reacts with surfaces and other compounds
directly, forming achemical product plus oxygen.
It will also react with itself, returning breathable
molecular oxygen. Nitrogen oxides form nitrates,
nitric acid, and nitrogenated hydrocarbons, all of
which ultimately deposit to the Earth’s surface.
Sulfur dioxideisdeposited on the surface through
various mechanisms involving both wet and dry
deposition. Volatile organic species are broken
down in the atmosphere into carbon dioxide and
water unlessthey deposit first to the surface. Car-
bon monoxide has amoreinteresting fortune, since
it eventually turns into carbon dioxide, which is

A Guide to Mid-Atlantic Regional Air Quality
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Each pollutant suffers its own
particular fate. Most participate in
global cycles that take place on
time scales much longer than the
atmospheric lifetimes of these
pollutants. All, at some point, end
up back on the ground or in the
water.

associated with global warming. Carbon dioxide istaken up by plants,
which can release that carbon in forest fires or when they decay. The
only way to truly sequester carbon is by burial, where the carbon may
eventually form coal and oil deposits. Carbon dioxide may also be
turned into carbonate shells by microorganismsin the ocean which die
and settle to the bottom where they are turned into deposits of lime-
stone and chalk.

Particles

Fine particles are affected by a variety of loss processes, depending on
their solubility and size. |If particles grow too large, gravity will ensure
that they settle quickly out of theair. Rain storms, fog, snow, clouds, and all other precipitation phenom-
enawill also remove fine particles from the atmosphere.

The Big Picture: Geological Cycles

Atmospheric pollutants all participate in various cycles. Their time as air pollutantsis typicaly very
limited, and they spend most of their timein other parts of the cycle. One such example isthe carbon
cycle, where carbon-containing compounds eventually turn into coal, oil, and limestone. Coal and ail
deposits may burn, releasing carbon back into the atmaosphere. Limestonerock might seem likeafairly
permanent fate, but rocks of all kinds continuously return to the Earth’s mantle, where they are melted
downto bereborn later in avolcano or anew mountain range. The carbon that wastied up in limestone
can then return to the atmosphere as carbon dioxide when a volcano erupts.

Other cyclesform important links between different parts of the biosphere. The nitrogen cycle and the
sulfur cycle have parts in both the air and the water, as does the carbon cycle. Therefore, an air
pollution problemwill likely have impacts on awater pollution problem and vice versa.

Mid-Atlantic Regional Air Management Association
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Part II

How'’'s the Air Out There?

Thissection presentsabrief snapshot of air pollution conditionsin the Mid-Atlantic Region. The purpose
here is to give a broad overview, not to discuss particular areas at particular times. Since PM, . and
ozone are thetwo pollutants that violate health standardsin the Mid-Atlantic Region, they are thefocus
of this section. Maps and charts of pollutant concentrations across the Region are also included. The
maps of nonattainment areas highlight the places with the highest concentrations, though emissionsfrom
other areas also contribute to air pollution in nonattainment areas.

Trends in pollutant concentrations do indicate a region’s progress toward healthful air quality. Ozone
trend dataavailablein Appendix D have not been adjusted to account for differencesin meteorology, and
weather patterns do significantly affect ozone concentrations. The PM,,, record is not yet long enough
for discussion of trends.

Nonattainment Areas

Areas where air quality does not meet national health standards for several years are designated as
nonattainment areas. Figures 7 and 8 show the designated ozone and PM,, . nonattainment areasin the
Mid-Atlantic Region.

High ozone and PM,, . episodes occur in broad, multi-state regions, though the highest levels occur in
smaller areas. Many nonattainment areas include an entire metropolitan area, and nonattainment areas
often cross state boundaries. Rural areas can also be designated nonattainment.

Ozone nonattainment areas are classified according to the severity of theair quality problem asmarginal,
moderate, serious, or severe nonattainment areas. There are also basic nonattainment areas that
generally experience less frequent or less severe air
quality problems. PM,, nonattainment areas are not Early Action Compacts

classified. Communities that are close to exceeding, or exceed
the 8-hour ozone standard may choose to enter into an
Early Action Compact (EAC) with EPA. The goal of
the compact is to take actions to clean the air as soon
as possible, rather than waiting for the 2007 deadline.

EPA revised ozone nonattainment areas in the Mid-
Atlantic Region in 2003 to reflect the shift from
the 1-hour ozone standard to the newer and stricter
8-hour ozone standard. Some areas that had

complied with the 1-hour ozone standard exceed In 2004, communities participating in the EACs

the 8-hour standard because it is a stricter stan- submitted plans for meeting the 8-hour ozone standard
dard. Larger areas are designated nonattainment by December 31, 2007. EAC requirements include:
than before, but the severity classification of the developing and implementing air pollution control
violations is often less. For example, several areas strategies, accounting for emissions growth, and

that were classified as severe ozone nonattainment achieving and maintaining the 8-hour standard.

areas under the 1-hour standard are now classified
as moderate nonattainment areas under the 8-hour
ozone standard.

As long as EAC areas meet agreed upon goals, an
8-hour ozone nonattainment designation will be

deferred.
In the Mid-Atlantic Region, the areas surrounding

New York City, Philadelphia, Baltimore, Washington, Source: http://www.epa.gov/ttn/naags/ozone/eac/
- |
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Figure 7 Eight-hour ozone attainment/nonattainment areas in the MARAMA Region
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Part Il How’s the Air Out There?

D.C., and Charlotte, N.C. usually record the highest number of days with unhealthy air quality for
ozone. These areas also usually experience the highest levels of ozone in the Region.

PM., . nonattainment areas range from small parts of countiesto entire metropolitan areas. Highlevels
of PM, . may be experienced inindustrial, urban, or rural areas dueto the diversity of sources affecting
PM concentrations.

How Many Days of Unhealthful Air Quality?

The number of days on which monitored air quality exceedsthefederal health standard for ozoneisone
measure of how serious the air pollution problem is in an area. (The 24-hour PM,  standard is met
throughout the Region.) Tables D-4 through D-7 in Appendix D record the number of days exceeding
the 1-hour and 8-hour ozone standards for each state in the Region, and for each current or former
0zone nonattainment areain the Region.

An ozone exceedance day occurs when air quality surpasses the level of the National Ambient Air
Quality Standard (NAAQS) at a particular monitoring site. A day with widespread high ozone levels

I
An ozone exceedance is a day
at a particular monitoring site
when air quality surpasses the
level of the National Ambient Air
Quality Standard (NAAQS).

can result in multiple ozone exceedances. Asshown in TablesD-4 through
D-7 in Appendix D, the Region had fewer ozone exceedances in 2003
than in 2002. During 2002 the weather conditions (drought, clear skies,
and high temperatures) were conducive to ozone formation. In contrast,
2003 weather conditions made ozone production more difficult. These
conditions were characterized by lower temperatures and increased rain-
fall. For example, Table D-5 showsthat from 2002 to 2003 Pennsylvania

dropped from 50 days with exceedancesto 19 days, New Jersey fell from
44 days to 19, and Maryland went from 39 days to just nine days with exceedances of the 8-hour
standard.

Table D-6 in Appendix D demonstrates that, for the most part, 1-hour ozone exceedances have
decreased since the late 1980s. Table D-4 lists the number of days above the 8-hour standard since
1998. Year-to-year variations reflect both efforts to control pollution and the impact of the weather.

Design Values

Another way to judge the severity of an area’s air pollution problem isto consider its “design value.”
The design value is the average concentration that is compared to the air quality standard to determine
whether air quality hasviolated the standard. (SeeAppendix C for moreinformation about the National
Ambient Air Quality Standards.) Design values for both the PM,, . and the 8-hour ozone standards are
calculated for a 3-year period to remove some of the year-to-year variability caused by the weather. If
the design value is below the standard, then the area meets the standard. In areas with multiple
monitors, the design value for a nonattainment area is determined by the monitoring site in the
nonattainment area with the highest design value.

For the 8-hour ozone standard, the design value is a three-year average of each year’s fourth-highest
daily maximum 8-hour ozone concentration. For PM, . the design value is also a three-year average.
The daily average PM,,, levels are first combined into quarterly averages, then the those averages are
combined into an annual average. Finally, three consecutive annual averages are combined to
determine a 3-year PM, . design value.

Mid-Atlantic Regional Air Management Association
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Figure 9 MARAMA Region 2000-2002 8-hour ozone design values by site

Data obtained from MARAMA member agencies. Design values have been grouped according to the
classificationsused inthe Air Quality Index (AQI), although the AQI ismeant for use with 8-hour concentrations,
not averages such as the design value.

Ozone Design Values

The 8-hour design value standard is 0.08 ppm averaged over eight hours (0.085 rounds up). Ozone data
are usually listed in parts per billion (ppb), so a design value of 85 ppb violates the standard. Many
counties in the Region are classified as nonattainment for the 8-hour standard. Tables D-2aand 2b in
Appendix D list 8-hour ozone design values for 2001 through 2003 by county. They are grouped into
countiesin attainment and those designated nonattainment. (Counties without monitors are not listed.)
Design values for the previous three-year period are mapped in Figure 9.

In counties with monitors that are classified attainment, 11 design values were 80 ppb or less, and 10
were between 81 and 84 ppb, just below the standard. In counties classified as nonattainment, 43
slightly exceeded the standard, with design values of 85-90 ppb, 50 counties had design values of
between 91 and 100 ppb, and three counties exceeded 100 ppb (Ocean and Camden Countiesin New
Jersey and Harford County in Maryland).
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Figure 10 MARAMA Region PM, cdesign values 2001-2003
Data obtained from EPA's AIRS website

The county with the highest ozone design value in the Region (109 ppb) was Ocean County, New
Jersey. This county borders New Jersey’s Atlantic Coast and is characterized by the commercial
activities associated with seasonal resorts. Ocean County’s air quality is affected by sources in
Philadelphia and New York City. The county with the lowest ozone design value (74 ppb) is Swain
County, North Carolina. Located inthewestern part of the state, Swain County is93 percent forestland
and is home to most of the Great Smoky Mountains National Park.

TableD-3in Appendix D lists 8-hour design valuesfor 2001-2003 by nonattainment arearather than by
county. The nonattainment areawith the highest design value (106 ppb) isthe Philadel phia-Wilmington-
Atlantic City area, which includes portions of Pennsylvania, New Jersey, Maryland, and Delaware.

Particulate Matter Design Values

For the annual PM,, . standard, design val ues greater than or equal to 15.1 micrograms per cubic meter
(ug/m?) indicate aviolation of the annual standard. Most of the PM,, _ design val uesin the Region show

Mid-Atlantic Regional Air Management Association
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compliance with the annual standard of 15 pg/m?®. Table D-1inAppendix D listsPM,,, design valuesfor
2001 through 2003 for each monitoring site in the Mid-Atlantic Region. These values are mapped in
Figure 10.

The highest PM, . design value in the Region (21.2 ug/m*for 2001 to 2003) is located near Pittsburgh
(Liberty), and is influenced both by regional transport of fine particle pollution and by local sources,
including alarge coke plant. The site with the lowest design value in the region for 2001-2003 was at
Keeney Knob in Summers County in southwestern West Virginia.

Most of the PM,, . design valuesin the Mid-Atlantic Region arerelatively closeto the annual standard of
15 ug/me. Table D-1inAppendix D showsthat 25 monitors recorded design values between 15 and 16
pg/mé, and another 25 were between 14 and 15 pg/m®. Monitors with design values of 16 pg/m? or
greater were limited to one monitor in the Baltimore area, eight sites in Pennsylvania, seven sitesin
West Virginia, and one in Delaware.

PM, . Composition

Data from the urban speciation network run by state and local air quality agencies, and data from
the National Park Service’s more rural Interagency Monitoring of Protected Visual Environments
(IMPROVE) network show that, on average, particulate matter across the Mid-Atlantic Region is
dominated by sulfates, and that organicsare generally higher in citiesthaninrural areas. (See Figures 11
and 12.) Thesizesof the pie chartsin Figures 11 and 12 represent the overall PM mass present at each
site. Figure 12 shows very similar rural concentrations across much of the Eastern U.S. Concentra-
tions of particulate matter at Mid-Atlantic urban sitesare al near the annual standard of 15 pg/ms?, while
rural sites are consistently somewhat |ower.

Sulfateisalarge fraction of the fine particles and haze in the Mid-Atlantic Region throughout the year,
though itsrole is considerably larger in summer than in winter. In winter, the chemical reactions that
turn sulfur dioxide into sulfate are much slower, so most of the atmospheric sulfur is present as sulfur
dioxide instead of sulfate. In summer, the opposite is true, and most atmospheric sulfur is present as
sulfate. This leaves the significant, but nowhere near as dominant, annual contribution from sulfate
showninFigures11 and 12. Ammoniaisalso quitesignificant, sinceit isgenerally found asammonium
sulfate in the summertime.

When PM . isbroken down in terms of contributionsto haze on the 20% worst days, sulfateis also the
dominant component of haze throughout the Mid-Atlantic Region. Thisis partly because sulfate
aerosols take on water readily, growing rapidly, and scattering light efficiently, and partly because of
their greater concentration. (See Figure 6in Part 1.)

Comparing nearby urban and rural sites can help determine the fraction of particulate matter due to a
particular city’s emissions and the fraction that is due to sources affecting the entire region. Rural
IMPROVE sites are taken to represent the regional load entering a city, while urban sites are taken to
represent the sum of both the regional load and the local contribution. Subtracting the IMPROVE
concentrationsfrom their paired urban site counterparts provides an estimate of the mass and speciation
of aerosols from the urban area. Thisanalysis revealsthat over ayear, roughly two thirds of the fine
particlemassin Mid-Atlantic citiesistheresult of awidespread regional load. The other third has been
termed the “urban excess’ PM . concentrations, as shown in Figure 13.
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Figure 11 Annual average composition of fine particles at urban sites throughout the
United States

This map was developed using data from the Speciation Trends Network (March 2001- February 2002).
Concentrations at these urban sites are higher than at the rural sites shown below, especially in the western U.S.
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Figure 12 Annual average composition of fine particles at rural sites throughout the
United States

This map was devel oped using annual averagedata fromthe IMPROVE network (March 2001- February 2002).
In the eastern U.S,, sulfate is highly significant both at urban sites shown in figure 11 and at these rural sites.
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EPA's data analysis represented in Figure 13 shows that the excess
mass in urban areas is largely organic carbon and soot. Of that
excess, organic carbon is by far the largest constituent.

regional component for both sulfateand organics. Thisfield project
used a network of nearby stations outside the Pittsburgh metro-

Much of the fine particle and haze
problem throughout the Mid-Atlantic is

regional in nature, especially in summer.
A similar analysisof preliminary resultsfrom the Pittsburgh “ super In winter, the problem becomes much

site” (see page 26) indicates that the city’s haze has a strong more localized.

politan area to determine the regional load. Monitors closer to the city center measured the urban
contribution. Conceptually, the experiment worked the same as the comparisons between urban and
IMPROVE data, though the monitors outside Pittsburgh were closer to the city than most of the
IMPROVE siteswere to their urban counterparts. High aerosol loads were present at both the satellite
site and the urban site, with somewhat higher loads of carbon compoundsin the city.

The importance of different species shifts from summer to winter in the Mid-Atlantic Region. In
summer, sulfate and organic carbon dominate fine particul ate matter mass, with sulfate most important
in the north and nearly equal contributions from both organic carbon and sulfate in the southern part of

the Region. Inwinter, sulfateisstill significant, but not as dominant asin the
summer. Nitrates become far more prominent in winter, since they are more
stable in cold weather and break up readily in the heat of summer. Organic
carbon remains constant throughout the year.

Seasonal Variation in Total PM, .

PM concentrations can be high at any time of the year, though the highest
values usually occur in the summer. Summertime PM,,, concentrations often

Sulfate is a large fraction of
the fine particles and haze in
the Mid-Atlantic Region
throughout the year, though
its role is considerably larger
in summer than in winter.

show patterns similar to those shown by ozone, since the meteorology that

generates PM,, ., haze, and ozone events is often identical. Notable exceptions are found when, for
example, a humid, cloudy summer day with no rain may show high levels of PM, , but low levels of
ozone. Winter isanother matter entirely, since PM,, is often high in winter, when ozone s not.

Figures 16-19 demonstratethat PM, _levelsare at their highest levelsinthe summertime. Figures 14 and
15 show that peak values tend to occur throughout the eastern part of the Region on the same days.
(Notethat Figures 14 and 15 do not include sitesin West Virginiaand western Pennsylvania.) The broad
consistency shown on these charts reflects data showing that the highest PM,, . levels consist primarily
of sulfate, which is a secondary pollutant formed downwind of large sources of sulfur dioxide. The
MARAMA report, The Development of PM, . Forecasting Tools for Selected Cities in the
MARAMA Region concluded that there are several types of high PM,, . events, but that many dayswith
high PM, . levels are influenced by a slow-moving or stationary high pressure system that resultsin
suppressed vertical mixing of emissionsand low wind speed or stagnation.

Asexplainedin Appendix C, thedaily PM, . standardis65 pug/m?, and the Mid-Atlantic Region complies
withthislevel. However, theAir Quality Index (AQI), described in Appendix A, providesastricter level
for reporting potential adverse healthimpacts. Concentrations of 40 pg/m?or morefor 24 hourstriggers
an AQI of “unhealthy for sensitive groups.” At these levels, people with heart or lung disease, older
adults and children are advised to reduced prolonged or heavy exertion.
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Figure provided by EPA

Figure 13 Ambient urban excess PM concentration for 13 example areas

EPA mapped the difference between urban and rural PM, . levelsin the 13 areas examined. For this map, the
difference was cal culated for five categories of particles. sulfates, ammonium, nitrate, total carbon mass (TCM),
and crustal matter. For each category, the height of the bar represents the amount by which the urban
concentration exceeds the nearby rural concentration. In the Eastern U.S, sulfate, nitrate, and ammonia
concentrationsarevery similar inurban and rural areas, so the differencesaresmall. Most of the“ urban excess’
that causes higher concentrationsin urban areasistotal carbon mass. (Total carbon massisthe sumof elemental
and organic carbon.) Two assumptions about how to calculate total carbon mass are represented, one by the
light gray part of the bar, and the other by the taller, darker gray. The biggest difference in PM concentrations
between the eastern rural and urban areas is that urban areas have higher levels of total carbon.

see http://www.epa.gov/airtrends/agtrnd03/pdfs/2_chemspecof pm25.pdf page 22

Figures 14 and 15 show that on about 10 days during the summer of 2002, PM, . levels were unhealthy
for sensitive groups at one monitor, at least once in the Region. Thesewere all summer days, occurring
between late June and August and were associated with high pollution episodes.

Figures 14 and 15 show that the first of these four 2002 episodes affected only the northern part of the
Region. These charts also show that the more southern parts of the Region tended to have lower
concentrationsin 2002.

Figures 16-19 show data for the entire year for selected areas. The data for 2002 are not necessarily
representative of long-term averages, since weather and emissions can vary from year to year, but
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24-



these chartsillustrate the regional, episodic nature of many high

pollution events. The importance of some species shifts
throughout the year. Organic carbon is
An Ozone Episode significant throughout the year; sulfate is

dominant in summer and important in winter,

Day-to-day 8-hour ozone levels show a substantial influence
while nitrate is only significant in winter.

from short-term changes in the weather. An episode of high
ozonedaysinvariably shows apattern of high 0zone that moves | ———
as weather patterns move across the Mid-Atlantic Region. Episodes involving a particularly large

weather feature such as the Bermuda High may last weeks, as high ozone moves from Texas and

Louisiana, up through theindustrialized Midwest, over theAppal achians, and into the Mid-Atlantic Re-

gion.

The mid-August 2002 episode is a good example of alengthy episode. The pattern started as early as
August 5, 2002, when a cold front pushed deep into the South, bringing clean air with it. Asthe cold
front pushed on, the Bermuda High pushed westward, first over the southern U.S., and then farther
north. High ozone was observed on the 6th in Texas, around Houston. Before long, North Carolina
started experiencing high ozone. High ozone then began the push to the north and east, ending up inthe
Mid-Atlantic Region around the 10" of August. Different parts of the region showed the influence of a
myriad of transport patternsin thisepisode, with recirculation, localized stagnation, alow-level jet, and
long-range transport driven by the Bermuda High all showing up before the episode finally cameto an
end with thunderstorms and instability in the Midwest. Ozone along the Eastern Seaboard cleared out
from south to north, and the influence of transport along the popul ated 1-95 corridor was seen clearly as
pollutants pushed from the southwest to the northeast. Some parts of the region experienced their worst
air quality inthisend phase.

Since meteorology drives air quality episodes, the pattern of poor air quality in Mid-Atlantic ozone
episodes tends to take on the scale and character of the weather that drivesthem. The next part of this
report explains more about the influence of weather patterns on air quality.
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Pittsburgh Air Quality Study (PAQS)

The Pittsburgh Air Quality Study (PAQS) was a comprehensive multi-disciplinary set of projects
designed to improve our understanding of airborne PM in the Pittsburgh region. PAQS was led by
Carnegie Méellon University (Professors Spyros Pandis (ChE/EPP), Cliff Davidson (CEE/EPP),
and Allen Robinson (ME/EPP)) and included investigators from twelve universities, two national
laboratories, two private companies, and state and local air pollution agencies. PAQS was sup-
ported by the U.S. Environmental Protection Agency (EPA) and the U.S. Department of Energy
National Energy Technology Laboratory (NETL).

Objectives

* Characterize PM (size, surface, and volume distribution; chemical composition as a
function of size and on a single particle basis; morphology; and temporal and spatial
variability) in the Pittsburgh region.

*  Quantify theimpact of various sources (transportation,
power plants, biogenic, etc.) onthe PM concentrations
in the area.

* Develop and evaluate the next generation of at-
mospheric aerosol monitoring techniques (single
particle measurements, continuous composition
measurements, ultrafine aerosol measurements,
improved organic component characterization,
etc.).

Photo: Carnegie Mellon University

Top: July 2,2001, PM,,, =4 pug/m3
Bottom: July 18, 2001, PM, . =45 ug/m3

Lessons Learned

* Regionality of pollution does not imply the same
concentration everywhere. There are gradients,
and pollution moves around.

* Concentrations of both sulfate and organicsin Pittsburgh areinfluenced by large regional
contributions.

*  For Pittsburgh, modeling indicates reducing SO, emissionswill reduce sulfate and PM,
but nitrate will also increasein all seasons. Modeling also indicates ammonia reductions
can prevent nitrate increases, and NO, emission reductions can help in winter.

* Biogenic (natural) sources, transportation, and biomass burning are important sources of
organics. In summer, about 30-40% of organic PM is secondary, and around 10% in
winter.

*  New monitoring technologies (single particle mass spectrometry, semi-continuous metal
measurements) allow fingerprinting of point sources.

For more information see
http:homer.cheme.cmu.edu
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Figure provided by Bill Gillespie, MARAMA

Figure 14 PM, . time series for the northeastern MARAMA Region, summer 2002

Based on data from Federal Reference Method (FRM) monitors, five citiesin the northeastern part of the Region
experienced very similar PM,, levelsin the summer of 2002.
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Figure 15 PM, . time series for the southeastern MARAMA Region, summer 2002

Based on data from Federal Reference Method Monitors, four cities in the southeastern part of the Region
experienced many similar and some different patterns of PM, . concentrations. During most of this season
concentrations tended to be lower than in the northern cities shown in Figure 14.
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Figure 16 Average FRM values for 2002, Baltimore, MD

Average daily PM,, values exceeding 40 pg/m® occurred on only six days in 2002 in Baltimore. Daily values
above 40 trigger public health notices that air quality conditions are unhealthy for sensitive groups.
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Figure 17 Average FRM values for 2002, Richmond, VA

Richmond's average daily PM,, .
in both cities on many of the same days.

values in 2002 were somewhat lower than Baltimore, but high values occurred
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Figure 18 Average FRM values for 2002, Wilmington, DE

Average PM, . daily values for Wilmington for 2002 show a similar pattern to Baltimore and Richmond, with five
summer days exceeding 40 pg/m® and many days exceeding 15 pg/n? throughout the year.
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Figure 19 Average FRM values for 2002, Pittsburgh, PA.

Data for the Liberty monitor were not included in this chart. The pattern of high daily values is similar to the
other cities in the Region.
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Meteorology and Transport in Air
Pollution Episodes

Summertime air pollution episodesin the Mid-Atlantic Region are typically hazy, hot, and humid, with
light windsand few clouds. Throughout the Mid-Atlantic Region, polluted air from elsewhere, often the
industrialized Midwest, nearly always brings elevated pollution levelsinto the Region before any
pollution from the Mid-Atlantic Region joinsthe mix. Wintertime air pollution episodes, in contrast,
aretypically cool, with light winds, and are more dominated by local stagnation and local emissions.
Conditionsfavorableto pollution are produced by a combination of meteorol ogical features of al sizes,
though the largest featurestypically receive the most attention. This section beginswith adescription of
the local meteorological conditions generally present during pollution episodes, and then takes a step
back to examine their large-scale causes, before revisiting the small scale to look at the local breezes
that also play aroleinair quality. At the end of this section, the meteorol ogical phenomenaare brought
together to see how they influence pollutantsin an air pollution episode.

The Basics: Mixing, Temperatures, and Daily Cycles

What makes a day in an air pollution episode different from any other day? Among other things,
pollutionistypically confined to ashallow layer near the surface, either in winter or summer. On cleaner
days, pollutiontypically mixesmorefreely to agreater depth, or it might be blown away by strong winds.
The cap that confines pollution near the surface is known as a temperature inversion. A temperature
inversion occurs when warmer, more buoyant air sits over colder, denser air.

Anyone who has hiked in the mountains knows that air usually cools with increasing altitude. Where
there are no mountains, the temperature decreases even more rapidly. Thisisthe natural result of two
facts: air coolsasit expandsto alower pressure, and the source of most of the atmosphere's heat is at
the surface of the Earth. In general, when the atmosphere is well mixed, the temperature drops
uniformly as one rises in altitude. The temperature decrease with distance from the surface sets the
stage for considering what happens to a small, polluted parcel of air near the surface.

Let us start with the common saying “hot air rises,” which should also be paired with “cold air sinks.”
Thissimple phenomenonisvery important in air quality. Inthe atmosphere, this should be extended to
“hotter air rises, cooler air sinks.” Soif aparcel of air iswarmer than its surroundings, it will tend to rise.

Now consider stability. If wegrab anair parcel near the surface, and giveit anudge upwards, what will
happen toit? If the atmosphereiswell mixed, then the air parcel will expand and cool at the same
rate as therest of the air around it. This parcel has no reason to keep moving up or down because

therest of the atmosphere, and is never Ordinarily, temperature decreases uniformly with altitude, and
hotter or cooler than its surroundings. the atmosphere is free to mix vertically. A temperature inversion
If the atmosphere’s temperature does occurs when warmer air sits atop cooler air. Temperature

not decrease uniformly with altitude, inversions prevent mixing, dividing the atmosphere into two

but increases in a temperature inver- parts: that above the inversion and that below it.

sion, then, when an air parcel is pushed
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upwards, it suddenly encounters warmer air above it. Since the air parcel is now cooler than its
surroundings, it tends to sink. The temperature inversion acts as a cap, inhibiting mixing. Pollutants
emitted from the surface cannot move through the inversion and are trapped near the surface. Like-
wise, any air above thetemperatureinversion will be hotter than its surroundingsif it triesto move down
through the inversion. The temperature inversion therefore caps air near the surface and divides the
atmosphere into two parts.

Temperature Inversions: Origins

Though they might not know it, most people have direct experience with the effects of atemperature
inversion. Onawarm summer night, winds at the surface are generally quite weak because anighttime
or nocturnal temperature inversion has formed overhead. Thisinversion forms asthe sun sets, and the
Earth’s surface cools. Land surfaces are far more efficient at radiating heat than the atmosphere
above, so the Earth’s surface cools more rapidly than the air. That temperature drop is then conveyed
to the lowest few hundred feet of the atmosphere. The air above cools more slowly, and atemperature
inversion forms only afew hundred feet (sometimes only afew feet) above the ground. Theinversion
divides the atmosphere into two sections, above and below the inversion, which do not mix. In the
surface section, winds are weak, and any pollutants emitted overnight accumulate beneath the
inversion. Above the inversion, winds continue unabated through the night and can even become
stronger as the inversion isolates the winds from the friction of the rough surface. The inversion is
similar to an air hockey table, letting the winds al oft blow freely by eliminating surface friction.

In the morning, the nocturnal inversion breaks down as the heating of the day gets into full swing.
Eventually, the sun warms the Earth’s surface, which in turn warms the cool air near the surface,

Altitude

_ Temperature

Inversion

Temperature

Figure 20 Temperature inversion

This is a simplified picture of a temperature inversion, where warmer air aloft inhibits vertical mixing,
concentrating pollution in a smaller volume of air near the ground.
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replacing the heat that radiated away the night before. When the air near the surface warms enough, it
rises and breaks through the former nocturnal inversion, so the atmosphere may once again mix freely.
Air from above then mixes down to the surface, and air that was near the surface isfreeto mix with the
air above. (Depending on whether the air above theinversion is cleaner or more polluted than the air at
the surface, thismixing can either lower or increase air pollution levels.)

A second inversion is often present during an air pollution episode, well above the nocturnal inversion,
but with avery different cause. Thisisasubsidenceinversion, caused by subsiding (sinking) air (Figure
21). Air cools asit rises and expands, and warms as it sinks or is forced downward and compressed.
Thiswarming leads to a subsidence inversion—a phenomenon associated with the sinking motion that
occurs in a high pressure system. (High pressure systems are discussed later in this document.) This
kind of inversionisparticularly strong, sinceit is associated with alarge scale downward motion of the
atmosphere. The subsidence inversion typically caps pollution at a higher altitude in the atmosphere,
and itisfar more difficult to break than the nocturnal inversion’s cap. The subsidence inversion limits
vertical mixinginthemiddle of the day during an air pollution episode.

Daily Cycles

Astemperatureinversions build and break down with heating from the sun, they produce daily cycles of
windsand air pollution. Consider atypical day, starting at sunriseswhen theair isat itscoolest. At this
time, the nocturnal inversionisin full force overhead, and winds at the surface aretypically quite calm,

«Subsidence «Subsidence

Altitude
Altitude

Temperature Temperature

Figure 21 Daily cycle of inversions and mixing

A temperature inversion effectively traps pollutants near the surface and allows pollutants above the inversion
to travel freely over considerable distances. There are two kinds: a low level “ nighttime” or “ nocturnal”
inversion; and an elevated “ subsidence” inversion. Thelow level inversion typically breaks down in the mid- to
late-morning, while the elevated inversion is more difficult to breach and limits vertical mixing at mid-day during
air pollution episodes.
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whilewinds above the nocturnal inversion continue unabated. Asthetemperatureincreasesthrough the
morning, the nocturnal inversion eventually breaks down, and the atmosphere mixes up to the height of
the subsidenceinversion. If theday isparticularly hot, the subsidenceinversion may also be punctured.
In the late afternoon, temperatures are at their hottest, and the atmosphere mixesto its greatest height.
As afternoon passes into evening, temperatures cool, and mixing subsides. The following night, the
nocturnal inversion forms, once again isolating the surface from stronger winds only afew hundred feet
overhead. This process continues uninterrupted until the large-scale weather pattern changes.

Thedaily cycleof mixingis partially responsiblefor the daily cycle of air pollutants such asozone. At
night, ozone near the surface cannot mix with ozone above. Instead, ozone below the nocturnal

The Sun’s daily cycle of heating results in a
daily cycle of mixing. Mixing is driven by the
warm surface, which heats the air above it.
That warm air rises, causing colder air to fall
down to replace it. Temperature inversions
inhibit mixing, so the air below an inversion
may have completely different characteristics
from that above the inversion. Air below the
nighttime inversion is rather still, while air
above that inversion may be moving quite
rapidly.

inversion is destroyed as it reacts with the Earth’'s surface
and everything on it. In acity, fresh nitrogen oxide (NO)
emissionsreact with ozone, further reducing its concentration,
so that by morning, very little ozoneisleft below the nocturnal
inversion.

Above the nocturnal inversion, the story is entirely different.
Ozone from the previous day’s emissions remains largely
intact. There are no surfaces to react with the ozone and
destroy it, so a large reservoir of ozone remains above the
inversion. Inthemorning, whenthe nocturnal inversion breaks
down, all the ozone that remained above the inversion comes
mixing back down. Likewise, the air near the surface, laden
with the emissions of the night before, mixesup away fromthe

surface. Theresult of all thismixing isasudden surgein ozonelevelsinthe middle of the morning.
Thissurgeisamost entirely due to mixing. Readingsfrom elevated monitors and measurementswith
instrumented aircraft have confirmed this large reservoir of ozone aloft. Those measurements also

show 0zone mixing down to the surface.

This mixing mechanism will also be important in explaining the significance of long-range transport,
because the ozone above the nighttime inversion usually comes from far away and is not local .

Pollutants such as particles that do not react with the surface as readily as ozone do not show such a
marked diurnal cycle, but the same mixing mechanism aso affects their concentrations. Nighttime
emissions of particles can build up under the nocturnal inversion, leading to higher levelsin the early
morning. In the summertime, regional sulfate levels above the inversion can combine with local
emissionsastheinversion breaks up. Inthewinter, with less sunshine, it’s harder to break theinversion,
and local emissions can continue to build unless washed out by rain or dispersed by winds.

Meteorological Transport Mechanisms
Large-scale Transport: Global Circulation, High Pressure, Low Pressure,

and Fronts

All weather systems on Earth, from the global circulation pattern to the smallest sea breeze, are driven
by differencesin temperature. Globally, the largest circulations (such as the trade winds in the tropics
and mid-latitude storms) are driven by temperature differences between the steamy tropics and theicy
poles. Storm systems serve to even out these differences in temperature by mixing cold and warm air.
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As the position of the Sun in the sky shifts from its northernmost point at the summer solstice to its
southernmost point at the winter solstice, storm tracks shift, too. Over the Mid-Atlantic Region, this
shift produces winter weather with frequent storms, which periodically clean out the Region's air. In
summer, the storm track shiftsfar to the north, so summer cold frontstypically passthrough the northern
Mid-Atlantic Region, occasionally reach the central part, and only rarely push into the far southern
parts.

Because the storm track shifts, most of the Mid-Atlantic Region’s worst pollution events occur in the
summer—wintertime weather isnot conduciveto the large, regional episodes seen in summer. Winter-
time episodes can belocally intense, but they generally do not share the regional nature of their summer-
time counterparts.

Other seasonal factors also combine to influence pollution events: temperatures, mixing, and strong
windsall shift with the seasons. The next sections discussthe large-scal e impacts of global circulation,
high and low pressure systems, and fronts.

Global Circulation

Theglobal circulation of the atmosphereisdriven by the enormous heat engine of thetropics. Whenthe
Sun’srays are directly overhead, the surface heats rapidly, pushing copious amounts of moisture
skyward. This lift eventually results in the downpours for which the tropics are deservedly famous.
Just outside the tropics, the air that was lifted al oft by the strong tropical heat now sinks, creating large
areas—the subtropics—where the upward motion of air is strongly discouraged. This large belt of
sinking air lies between 20 and 30 degrees north, where many of the worl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>